When the yeast Saccharomyces cerevisiae grows on glucosecontaining media, energy is produced by glycolysis and fermentation even if oxygen is available, because mitochondrial function is repressed by glucose. A large number of genes encoding enzymes essential for the catabolism of alternate carbon sources are turned off. This regulatory mechanism, known as glucose repression (6, 13) , affects several other metabolic pathways, such as gluconeogenesis and the tricarboxylic acid cycle, or peroxisomal functions. Glucose repression is a major regulatory device of carbon metabolism in S. cerevisiae, a species in which fermentation is the preferred form of energy acquisition.
In Kluyveromyces lactis, like in many other aerobic yeasts, the metabolic response to glucose is different from that of S. cerevisiae. Respiration is not glucose repressed, and fermentative and oxidative metabolism can take place simultaneously. Glucose repression does exist, however. A number of enzymes required for alternate carbohydrate metabolism have been shown to be subject to glucose repression to various degrees (5, 10, 12, 15, 19, 35) . The mechanism of this repression in K. lactis is the object of this study.
We have recently isolated two genes of K. lactis, FOG1 and FOG2 (16) . They are homologous to the components of the glucose-responding Snf1 complex of S. cerevisiae. Fog2p is structurally and functionally homologous to the Snf1 kinase. Fog1p belongs to the family of regulatory proteins Gal83p, Sip1p, and Sip2p, which interact with Snf1p. FOG1 is a unique gene whose deletion leads to the inability to grow on certain carbon sources, while in S. cerevisiae the gal83⌬ sip1⌬ sip2⌬ triple mutation does not display any phenotype (11, 33) .
In the attempt at isolating genes involved in this regulatory circuit, we looked for suppressors that, when overexpressed, would be able to reverse one or more phenotypes of the fog1 mutant. In this paper, we report that one of the multicopy suppressors isolated was the KlCAT8 gene, which encodes a transcription activator, reinforcing the view that KlCat8p is functioning downstream of the Fog1-Fog2 complex in a way analogous to the Cat8-Snf1 interaction in S. cerevisiae. In S. cerevisiae, CAT8 encodes a DNA-binding protein which is essential for growth on nonfermentable carbon sources (17) and is also required for derepression of genes involved in gluconeogenesis. Several targets of the Cat8p in S. cerevisiae are known: the FBP1 and PCK1 genes, both required for the gluconeogenic pathway (17, 23) ; ICL1 and MLS1, key genes for the glyoxylate cycle (31, 8) ; ACR1 and JEN1, encoding carriers of succinate and lactate, respectively (3, 4); ACS1, required for utilization of acetate (18) ; IDP2, encoding the NADP-dependent cytosolic isocitrate dehydrogenase which regenerates NADPH under nonfermentative growth conditions (4); MDH2, encoding the malate dehydrogenase cytoplasmic isoenzyme (26) . Cat8p-dependent glucose derepression of these genes is mediated by cis-acting elements (carbon source responsive elements [CSRE] ) present in all of their promoters. CAT8 is itself glucose regulated, activated by Snf1p, and repressed by Mig1p (24, 25, 32) .
As is the case for S. cerevisiae, the Klcat8 null mutant was unable to utilize ethanol, acetate, and lactate, but in contrast it grew on glycerol, indicating that KlCAT8 is not involved in gluconeogenesis control. Indeed, it has recently been reported that a Klcat8 mutation has no influence on the regulation of the gluconeogenic genes, KlFBP1 and KlPCK1 (14) . Also, a partial reduction of the malate synthase and isocitrate lyase activities has been observed for the ⌬Klcat8 mutant, although it is not clear whether the reduced level of these enzymes is sufficient to explain the impaired growth of the ⌬Klcat8 mutant on ethanol, lactate, and acetate (14) .
The conspicuous difference between K. lactis and S. cerevisiae in the responses to glucose suggests that the KlCat8p has its specific range of target genes. We will show that KlCat8p is necessary for the full induction of both genes, KlACS1 and KlACS2, encoding the two isoforms of acetyl coenzyme A (acetyl-CoA) synthetase. Moreover, KlCat8p is required for the expression of KlJEN1 gene, which encodes lactate permease.
MATERIALS AND METHODS
Strains and media. The K. lactis strain JA6 (␣ ade1 ade2 trp1-1 uraA) has previously been described (5) . The mutant ⌬Klcat8 was obtained by gene disruption (27) of the KlCAT8 gene and insertion of the URA3 marker in cells of the JA6 strain. The JA6⌬fog1 and the JA6/M207 (fog2) strains, derived from the JA6 strain, have been previously described (16) . Escherichia coli strain JM83 [ara ⌬(lac-proAB) rpsL (ϭstrA) 80 lacZ⌬M15] was used for plasmid propagation and maintenance.
The complete medium contained 1% Bacto-yeast extract and 2% Bacto-peptone (Difco). The minimal medium (YNB) contained 7 g of yeast nitrogen base without amino acids (Difco)/liter supplemented with appropriate amino acids and bases. Various carbon sources were added at 2% except when indicated otherwise.
Transcript analysis. Total RNA was prepared by extraction with hot acidic phenol (1). Northern analysis was carried out according to the protocol of Sherman et al. (30) .
Probes. KlACS1, KlACS2, and KlJEN1 probes were obtained by PCR amplification, with K. lactis genomic DNA as template.
The KlSDH1 probe corresponded to the 2.2-kb BamHI-SphI fragment derived from the plasmid p3AS (M. Saliola, unpublished data).
The amount of RNA loaded on the gel was estimated by hybridization with a K. lactis actin gene probe (KlACT1) (9) . All the probes were labeled with [␣-32 P]dCTP by the rediprime DNA labeling system (Amersham). Miscellaneous. Published procedures were used for the transformation of K. lactis (2) and E. coli (20) , for the preparation of yeast DNA (21) , for the isolation and the purification of plasmids from E. coli, for agarose gel electrophoresis, for Southern blot analysis (28) , and for DNA sequence analysis (29) .
RESULTS
Increased KlCAT8 dosage suppresses fog1 mutant defects. To identify proteins that interact with the Fog1-Fog2 complex, we have sought the genes that, at increased dosage, could overcome the defects in Fog1p function. We transformed a fog1 null mutant with a K. lactis genomic library constructed in the KEp6 multicopy vector (34) . Clones were selected for their ability to grow on respiratory carbon sources, since the fog1 mutant is unable to utilize nonfermentable carbon sources. One of these clones, able to grow on ethanol, glycerol, and lactate, contained the plasmid pSF1/5A with an insert of about 6 kbp. This plasmid also suppressed the fog2 mutation, as expected if the suppressor gene had a role downstream of the Fog1p-Fog2p complex. The DNA insert in the plasmid contained a single open reading frame which was identical to the recently reported KlCAT8 gene (14) . We concluded that overexpression of KlCAT8 can compensate for the loss of at least two of the proteins of the Fog complex. The KlCAT8 gene product was 40% homologous to, and able to substitute in vivo for, S. cerevisiae Cat8p (14) .
Impaired utilization of carbon sources in Klcat8 null mutant. A Klcat8 null mutant was constructed by replacing about 80% of its coding region, including the zinc finger motif, by the URA3 marker sequence. The plasmid containing the disrupted KlCAT8 gene was linearized and introduced by transformation into the JA6 strain. One clone out of the 350 Ura ϩ transformants was unable to grow on minimal medium supplemented with 1% ethanol. Southern analysis of this clone confirmed the correct integration of the deleting cassette into the KlCAT8 locus (data not shown).
The phenotype of this mutant was tested with other nonfermentable carbon sources. Besides on ethanol, the mutant was unable to grow on lactate, succinate, and acetate like the S. cerevisiae cat8 mutant (Table 1) , but it did grow on glycerol. These data agree with those of Georis et al. (14) , except that for our Klcat8 null mutant, the growth on the above-mentioned respiratory substrates was not only reduced but completely absent. The ability of the ⌬Klcat8 mutant to grow on glycerol indicated that the blocked function in the ⌬Klcat8 mutant is not gluconeogenesis per se, consistent with the fact that the two key enzymes of gluconeogenesis, PCK1 and FBP1, were not dependent on the Cat8p function in K. lactis (14) . However, the addition of a small amount of glucose (0.02%) allowed the ⌬Klcat8 strain to grow on ethanol, acetate, succinate, and lactate ( Table 1 ), suggesting that, in this condition, utilization of the above-mentioned carbon sources can escape from KlCAT8 regulation.
The role of KlCAT8 is exclusively regulatory and is not directly involved in the respiratory mechanism. In cells of the ⌬Klcat8 strain, neither respiration nor cytochrome composition were affected (data not shown).
KlCAT8 is necessary for full induction of KlACS1 and KlACS2 genes. In order to find possible targets of KlCat8p, we focused our attention on genes involved in the utilization of acetate and ethanol. The first step of acetate utilization requires its activation to acetyl-CoA by the acetyl-CoA syntheta- ses. This enzyme is also involved in ethanol utilization, since ethanol is oxidized to acetate by alcohol dehydrogenase and acetaldehyde dehydrogenase. Acetyl-CoA can then enter the tricarboxylic acid cycle. Two K. lactis genes, KlACS1 and KlACS2, which are homologous to S. cerevisiae ACS1 and ACS2 genes encoding the acetyl-CoA synthetases, have been isolated and characterized (35) (KlACS1, EMBL accession no. AF061265; KlACS2 EMBL accession no. AF134491).
The effects of Klcat8 disruption on the transcription of these two genes were examined under various growth conditions. Total RNA was extracted for Northern analysis from cells grown at low glucose concentration (0.3%) and after a medium shift from 2% glucose to 2% ethanol, 2% lactate, or 2% acetate. This medium shift was necessary because the ⌬Klcat8 mutant was unable to grow on these substrates. Results are shown in Fig. 1 . In cells of the wild-type strain JA6, transcription of KlACS1 was enhanced in ethanol, acetate, and lactate media, compared to that in glucose medium. The highest level of expression was observed with acetate and lactate. The responses of KlACS2 were quite contrasting to those of KlACS1. KlACS2 was specifically induced by ethanol and poorly expressed in both lactate and acetate.
In glucose medium, both KlACS1 and KlACS2 mRNA levels were low and unaffected by the ⌬Klcat8 mutation. However, the ethanol induction of KlACS2 as well as the lactate induction of KlACS1 were prevented in the mutant (reduction of about 75%). Acetate induction of KlACS1 was only partially affected by Klcat8 mutation (reduction of about 35%).
Role of Fog2p on expression of ACS genes. In S. cerevisiae, CAT8 is upregulated by Snf1 kinase (6, 13) . If a similar signaling cascade of glucose repression is conserved in K. lactis, we would expect an upstream control of Fog2p-KlSnf1p on the expression of ACS genes. The fog2 mutation would affect the transcription of KlACS1 and KlACS2. Indeed, as shown in Fig.  2 , after a medium shift from 2% glucose to 2% lactate, the expression of KlACS1 was abolished in a fog2 mutant. Also, in a shift from 2% glucose to 2% ethanol, the ethanol induction of KlACS2 was almost totally abolished in fog2 mutant.
The fog2 mutant does not grow on any respiratory substrates, glycerol included. As shown in Table 1 , growth on glycerol was possible only when complemented with acetate.
These results indicate that the inability of the fog2 mutant to grow on glycerol is due to a defect in the production and/or activation of acetate. We therefore analyzed the role of Fog2p in the transcription of ACS genes. After a medium shift from glucose to glycerol, both ACS genes were equally expressed in the isogenic series of strains, the wild type, fog2CAT8, and FOG2cat8 (data not shown). Therefore, the inability of fog2 mutant to grow on glycerol is not due to an impaired expression of ACS genes. Yet, unidentified factor(s) should be involved in glycerol activation.
Role of KlCat8p on expression of succinate dehydrogenase gene. K. lactis cells grow on succinate. ⌬Klcat8 mutant cells do not. The step at which this block occurs is not known. As shown in Fig. 3A , the transcription of the succinate dehydrogenase gene KlSDH1 is not affected in mutant cells. The target(s) of KlCAT8 may be another component(s) of the respiratory complex II or other steps, such as succinate transport. In S. cerevisiae, a cat8 mutation is known to affect the mitochondrial succinate-fumarate transporter gene ACR1 (3, 22) . The presence in K. lactis of an ACR1 counterpart has not been reported FIG. 1 . Effect of Klcat8 mutation on KlACS1 and KlACS2 mRNA level. Northern blot analysis of the KlACS1 and KlACS2 transcripts from JA6 (wt) and from JA6⌬Klcat8 (Klcat8) strains. Total RNA was prepared from cells grown in YNB medium supplemented with 0.3% glucose or after a medium shift from 2% glucose to 2% ethanol, from 2% glucose to 2% acetate, or from 2% glucose to 2% lactate. RNA was extracted 4 h after the medium shift, electrophoresed, and hybridized with labeled probes corresponding to KlACS1, KlACS2, and KlACT1 genes. Each lane contained 20 g of total RNA.
FIG. 2. Effect of fog2 mutation on
KlACS1 and KlACS2 mRNA levels. Northern blot analysis of the KlACS1 and KlACS2 transcripts from JA6 (wt) and from JA6/M207 (fog2) strains. Total RNA was prepared from cells grown in YNB medium after a medium shift experiment from 2% glucose to 2% ethanol or 2% lactate. RNA was extracted 4 h after the medium shift. Hybridization was carried out with labeled probes corresponding to KlACS1, KlACS2, and KlACT1 genes. Each lane contained 20 g of total RNA. KlCAT8 is required for expression of lactate permease gene JEN1. Lactate utilization in S. cerevisiae requires the induced expression of JEN1, a CAT8-regulated gene that encodes a specific lactate-proton symporter permease (4, 7). Therefore, we asked whether the lack of lactate utilization in ⌬Klcat8 mutant cells was due to an impaired induction of lactate permease. A gene highly homologous to the JEN1 gene of S. cerevisiae has recently been identified (M. Bolotin, personal communication). A probe corresponding to the putative KlJEN1 gene was prepared by PCR amplification, and the level of the corresponding mRNA was analyzed during a metabolic shift from glucose to lactate. As shown in Fig. 3B , the amount of the KlJEN1 transcript was strongly reduced in ⌬Klcat8 mutant cells, indicating that KlCat8p is required for the lactate uptake process.
DISCUSSION
Several pieces of evidence show that there is a striking difference between K. lactis and S. cerevisiae in the regulation of major carbon metabolism, despite a high degree of conservation of individual gene sequences involved. Concerning the genes participating in glucose repression and/or derepression, it has been demonstrated that FOG2 (KlSNF1), encoding a highly conserved serine/threonine protein kinase, performs a function similar to that of the SNF1 gene in S. cerevisiae. The product of the unique FOG1 gene belongs to the protein family comprising Gal83, Sip1, and Sip2 and is absolutely required for the correct functioning of the Fog1-Fog2 complex in K. lactis (16) . In order to find out possible targets of this complex, we looked for genes that, when overexpressed, could compensate for fog1 defects.
Two multicopy suppressors of fog1 which restored growth on respiratory substrates were isolated. One was the KlCAT8 gene studied here. The other suppressor gene was found to be coding for a leucine zipper protein (presently under investigation). Despite the structural and functional similarity between KlCat8p and its S. cerevisiae counterpart, the phenotypic consequences of their mutations are clearly different. The Klcat8 disruption mutant, like the cat8 mutant of S. cerevisiae, was unable to utilize ethanol, acetate, lactate, and succinate but was capable of growing on glycerol. This result shows that gluconeogenesis is not impaired in the K. lactis mutant. Consistent with this, it has recently been demonstrated that the activation of KlPCK1 and KlFBP1, two key genes required for gluconeogenesis, was independent of KlCat8p function (14) , and KlCat8p was required for the glyoxylate cycle enzymes (malate synthase and isocitrate lyase). However, the reduced activities of these enzymes in the mutant could not fully explain the complete absence of growth of the Klcat8 mutant on ethanol, acetate, succinate, and lactate. Therefore, we were led to search for other possible targets of KlCat8p.
First, the role of KlCat8p in the expression of the KlACS1 and KlACS2 genes was investigated, because the utilization of acetate and ethanol requires acetyl-CoA synthetase activity. The two KlACS genes were found to be transcribed at a low level in glucose-grown wild-type cells, as described by Zeeman et al. (36) . KlACS1 was induced by a medium shift to ethanol, acetate, and lactate whereas KlACS2 was induced only by ethanol. Both of these inductions were prevented by the Klcat8 mutation. These results demonstrate that the two KlACS genes were differently controlled by KlCat8p. This situation is different from that of S. cerevisiae, where only ACS1 gene expression is regulated by a carbon source under CAT8 control. This control is supposed to be mediated by the CSRE of the target gene promoters. This CSRE motif is not known in K. lactis genes studied so far.
The two KlACS genes appear to have different metabolic roles in the response to carbon sources: KlACS2 is necessary for growth on ethanol, and KlACS1 is necessary for acetate utilization. Since the utilization of lactate does not require acetyl-CoA synthetase activity, according to the current theory, we are not able to explain why lactate is an inducer of KlACS1 and why KlCat8p is required for this induction. The growth defect of Klcat8 null mutant cells on ethanol and acetate could be ascribed to the impairment of the specific induction of KlACS genes by these substrates in combination with the deficiency of the glyoxylate cycle. The growth defect of Klcat8 mutant cells on lactate is due to at least two deficient steps: the absence of induction of the lactate permease gene KlJEN1 (which could be sufficient) and the impaired glyoxylate cycle.
The control by Fog2p on the expression of KlACS genes indicates that the KlCAT8 gene is under the control of Fog2 kinase and supports the idea that the signaling cascade of glucose repression is essentially conserved between S. cerevisiae and K. lactis. However, more importantly, the spectrum of individual target genes of CAT8 is not the same in these two yeasts, which differ in lifestyle with respect to carbon sources. The response of ACS genes is illustrative of this difference. FIG. 3 . Effect of Klcat8 mutation on succinate dehydrogenase and on KlJEN1 transcripts. Total RNA was prepared from JA6 (wt) and from JA6⌬Klcat8 (Klcat8) strains 4 h after a medium shift from 2% glucose to 2% ethanol. RNA was hybridized with labeled probes for KlSDH1 and KlACT1 genes (A) and for KlJEN1 and KlACT1 genes (B). Each lane contained 20 g of total RNA.
